ABSTRACT: Population balance (PB) modelling is investigated as a tool to study hydrothermal synthesis (CHS) technique for nanomaterial formulation. In particular, the effects of solution concentration and reactor residence time on the particle size distribution were examined. For the purpose of model validation, the simulated results were compared with data obtained from experiments conducted using a continuous stirred tank reactor for production of nano-size TiO2 particles. Product was analysed using Fourier transform infrared spectroscopy, and particle size was characterised using scanning electron microscopy, zetasizer and image analysis. Good agreement between experimental and simulation results was achieved.
INTRODUCTION
Continuous hydrothermal synthesis (CHS) technology has attracted much attention in recent years as a simple, efficient and environmental friendly nano-material synthesis process [1] [2] [3] [4] . Previous research however has focused on experimental study which clearly restricts the number of variations that can be examined and limits the capability for direct scale-up of the process. In attempts to model the process, Thompson and Dyer [5] and Sheikh et al. [6] developed population balance (PB) models for predicting the size distribution of zeolite particles produced in low temperature hydrothermal synthesis. Lummen and Kvamme [7] and Nahtigal et al. [8] used molecular dynamic modelling for simulating the nucleus size distribution after nucleation. Erriguible et al. [9] and Sierra-Pallares et al. [10] used a mono-disperse model to predict particle diameters in supercritical nanoparticle synthesis. The particles were assumed to be mono-dispersed, only mean sizes of particles were obtained. In our previous work, a PB model was developed to predict PSDs of nano-particles synthesised by CHS process in a mixed suspension mixed product removal (MSMPR) reactor which was compared with data collected only from literature at similar operational conditions [11] .
The focus of this paper is to validate the modelling results using experimental data obtained on a continuous hydrothermal synthesis tank reactor for formulation of TiO 2 nanoparticles, as well as studying the effects of some key variables on the process, including solution concentration, reactor residence time and temperature on particle size distribution. .
POPULATION BALANCE MODEL
Population balance (PB) modelling is an effective simulation tool for particulate processes. It estimates the dynamic evolution of PSD as a function of process operating conditions. In our previous work, a PB model was developed for estimating nano-particle PSD produced in CHS process [11] . We now present a modified PB model for the CSTR synthesis system.
For the CSTR, it is assumed that the system is in homogenous condition and only particle diameter is considered as the model internal coordinate. The PB equation is given as:
Agg x n x x t n x t q x x x dx n x t x n x t q x x dx
where, t is the time (s); x is the particle diameter (m); n(x,t) is the number density of particles with sizes range x to (x+dx) at time t; G(x) is the growth rate of size x particles (m/s), B(x) is the nucleation rate of size x particles (nmber of nuclei formed/m 3 s), Agg (x) is the aggregation source term and q(x,x') is the aggregation kernel.
In order to obtain the species concentrations for calculating supersaturation, nucleation rate and growth rate, the following mass balance equation is also required:
where, W is the flow-rate (ml/min), V is the reactor volume (ml), c f is the feed precursor concentration (wt%), c is the solute concentration in liquid phase(wt%), ρ is the density of water (kg/m 3 ), k is the reaction rate constant of hydrothermal reaction, and c is the combined of concentration of aqueous and solid phase product molecules (wt%), which is given as:
Detailed equations for modelling k, G (x), B(x) and q(x,x') can be found in previous work [11] .
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A commercial modelling programme gPROMS (general process modelling system, PSE Ltd) was used for model development and simulation. The PB equation was solved using the backward finite difference discretized method.
EXPERIMENT

Materials
50wt% TiBALD (Titanium (Ⅳ) bis(ammonium lactate) duhydroxide) from Aldrich Chemical Co., were used without further purification. Reference TiO 2 powders (Aeroxide○ R P25) were purchased from Degussa Co..
Apparatus and Procedure
The experimental apparatus used for the CHS is shown in Figure 1 . Two high-pressure liquid chromatography (HPLC) pumps (P1 and P2, Jasco PU-2080 plus, Jasco Co.) were used to supply the metal salt precursor solution and distilled water to the reactor. The distilled water was heated up and transformed to supercritical water (ScH 2 O) inside a Separex supercritical flow SCF oven system (Separex Ltd. France). The system pressure was controlled by a back pressure regulator (BPR, Tescom Co.). The precursor solution and ScH 2 O were feed into a Separex high pressure CSTR with a capacity of 10 ml through top screw-in tubes. The product solution came out from the bottom of the reactor, and then cooled down to room temperature by passing through a jacketed cooler. The cooled product solution was recovered after depressurization by BPR to atmospheric pressure and collected in the product tank. Temperature and pressure sensors were used to measure system conditions. The temperatures and pressures were monitored and recorded by an on-line PC data-logging programme. During the synthesis process, the feed flowrates for both TiBALD solution and distilled water were maintained at 10 ml/min. The system pressure was adjusted by the BPR and kept at 24. Figure 2 shows the FT-IR spectra of the produced TiO 2 particles. The results were compared with spectra of TiBALD and Degussa TiO 2 P25 sample particles. The absorption bands at 650 cm -1 correspond to the stretching and bending vibrations of Ti-O-Ti bond [12] . The absorption band at about 1628 cm -1 is observed in all spectra, therefore, can be ascribed to the stretching mode of the surface hydroxyl group. The band at 1972 cm -1 is assigned as Ti-OH bending vibration, the much shrunken peaks of Ti-OH group in spectra b, c, and d indicate that the Ti-OH concentration reduced to a great extend after synthesis, and the products formed are indeed TiO 2 . Other absorption bands are identified as the vibration of different types functional groups based on information obtained from FT-IR database. 
RESULTS AND DISCUSSION
Product Composition
Particle Size and Size Distribution
After synthesis, a drop of the TiO 2 product solution was placed on SEM standard measurement plate and left air-drying for 15min. SEM images for all TiO 2 samples were taken after drying. It is observed from these images that fine sphere shape TiO 2 nano-particles were formed. SEM image examples of sample TiO 2 -2 are shown in Figure 3 images indicates that the particles mean diameter is about 20-30 nm. As can be seen in Figure 3 (b) , among the individual particles, some large aggregates were also formed. Figure 3 (c) takes a close look at one of these aggregates and the size of this specific one is about 250 nm. The image analysis software ImageJ was used to analysis of the SEM images. By adjusting the threshold levels of the images, the size information for primary particles can be identified. For each TiO 2 sample, the SEM images taken at different parts of the sample were analysed and PSDs were recorded for analysis. Figure 4 shows the PSD of TiO 2 -2 particles computed using a total of 11839 primary particle size data obtained from analysing 24 SEM images of TiO 2 -2. The PB simulation results of PSD of TiO 2 -2 sample condition particles are shown in Figure 5 (a). The produced particle mean size is about 30 nm, which is consistent with the SEM results. The model results of particles with a size range between 0-100 nm were exported from Figure 5 (a), and used to structure a PSD for this size group (Figure 5(b) ). Figure 5 (b) was then used to compare with the image analysis results shown in Figure 4 . The results obtained from image analysis have a much smaller particle number comparied to the model results. Therefore, based on the images, we cannot produce a size distribution which covers all particle size range. However, the results indicated that the measured particle mean size is close to the one from model prediction, and the distribution shape between those two are quite similar. Figure 6 shows the PB simulation results of PSD with the same temperature and concentration condition as TiO 2 -2 sample particles. Different distribution curves represent PSDs with different residence time, which was achieved by altering the inlet metal salt solution flowrate.
The model results of Figure 6 suggest that when increasing residence time, more particles will be generated and particle sizes will increase. This may be due to the fact that for a continuous feed system, increasing residence time will result in greater particle yields, and raises the possibility for particles growth and aggregation to form larger agglomerates. Although this part of modelling result has not yet been confirmed with the experimental results, the moving trend of PSDs can be explained based on typical growth and aggregation theory. In our experiment, all synthesis products were produced within a 10 ml CSTR reactor and the synthesis flow-rate was kept at 20 ml/min, the residence time in the reactor, according to Eq.4 is 30 s. In fact, Figure 5 The size distributions for system with different precursor solutions were also studied by the PB model. It is found that the overall particle size and distribution does not change with altering TiBALD concentrations, but the particle yields were increased with increasing solution concentration ( Figure 7) . The findings are consistent with literature results [12] . 
DLS Size Analysis
The influence of metal solution concentrations and ScH 2 O temperatures on CHS process has been studied by measuring particle sizes using Zetasizer. Although the DLS results show that temperature has no effect on particle mean size, which is consistent with the modelling results and also the findings reported in the literature [13] , the DLS measured particle sizes are much larger than the ones from the PB model and literature. We consider that there are two possible reasons for the large measured particle sizes, the first is due to particle aggregation after precipitation, which led to the production of particles with a size of over one micron . The other reason is that before DLS measurements, no pre-preparation of sample washing was performed, the resulting particle surface charge might has effect on size measurements. Therefore, the DLS results cannot represent the size trends of particles produced by CHS and the agreement between the DLS results and the PB prediction can only be concluded as coincidence.
CONCLUSION
A population balance model was investigated for estimating the size distribution of particles synthesised using CHS process. For model validation, an experimental rig was used to produce nano-size TiO 2 particles with a mean diameter of 23-30 nm. Product characterization confirmed the composition of products and particle morphology and size information were analysed using SEM and zetasizer. Model validation was performed and the simulation results are in agreement with the experiments data. The model results also suggest that particle size and process yields increased with reactor residence time and precursor solution concentration has no significant impact on particle size. In future we will combine PB with -CFD [14] model for the prediction of particle size distribution in more complex systems.
